Introduction
============

Osteoarthritis (OA) is the most common disease affecting the joints in humans and among the most important causes of pain, disability and economic loss in all populations.^[@r1]-[@r3]^ In 2008 it was estimated that nearly 27 million adults in the United States have clinical OA (up from the estimate of 21 million for 1995).^[@r4]^ There are also estimates of 100 million people with OA in the European Union.^[@r5]^ The physical impairment caused by OA of a single lower extremity joint has been compared with that caused by end-stage kidney disease or heart failure.^[@r6]^ It has also been estimated that even with the best current care of significant joint injuries, the risk of post-traumatic OA ranges from about 20% to more than 50%.^[@r7]^ There have been a number of studies in human post-traumatic OA demonstrating that OA occurs frequently in people who suffer a significant joint injury. In one study of 1321 former medical students it was found that 14% of those who had a knee injury during adolescence and young adult life developed OA of the knee, compared with 6% of those who did not have a knee injury.^[@r8]^ Follow-up data of people who suffered ligamentous and meniscal injuries of the knee demonstrated that a ten-fold increase risk of OA as compared with those that did not have a joint injury.^[@r9],[@r10]^ Another study showed that between 33% and 44% of patients sustaining articular fractures of the knee develop knee OA.^[@r11]^

More recent knowledge on post-traumatic OA has suggested opportunities for early intervention, based on the concept that impact joint injuries initiate a sequence of biological events causing the progression of joint degeneration, which then leads to post-traumatic OA.^[@r1]^ The comprehension of the time frame of these pathobiological events has been helped by *in vitro* and *in vivo* animal studies,^[@r1],[@r2],[@r12]-[@r14]^ which have provided evidence that new molecular interventions can mitigate or even possibly arrest these developments, thereby preventing progressive degeneration of the joint. While it is difficult to confirm the ideal time for such early interventions in human OA, the horse potentially provides two useful mechanisms to answer these questions, including: 1) extensive experience with clinical OA in horses^[@r12],[@r15]^; and 2) use of a consistently predictable model of OA that can help study early pathobiological events, define targets for therapeutic intervention and then test these putative therapies, as will be detailed below.

Osteoarthritis in the horse
===========================

Spontaneous joint disease is a common clinical problem in the horse.^[@r16],[@r17]^ Surveys estimate that up to 60% of lameness is related to OA.^[@r17],[@r18]^ It has been observed by Koch and Betts^[@r19]^ that human OA is not a well-defined entity, in that pathologists define OA on a structural basis^[@r20]^ and epidemiologists define OA based on pain.^[@r21]^ The situation is similar in horses, where the clinical importance has been emphasised by a large United States Department of Agriculture (USDA) survey of lameness in the horse (defined as an abnormality of gait such that the horse cannot be used for its intended purpose or could only be used if intervention \[such as medication, corrective shoeing or rest\] was employed), which found that lameness was because of a leg or joint problem in approximately 50% of cases.^[@r17]^ On the structural side however, a number of pathological studies in the metacarpophalangeal joint (an important high-motion joint) of the horse have been published recently^[@r22]-[@r24]^ and objective parameters of macroscopic and microscopic examination of clinical OA as well as experimental OA have been defined.^[@r13]^

Equine degenerative arthritis was first reported in 1938 and the pathological changes were compared with human OA.^[@r25]^ Although examination of osteo-arthritic joints were initially limited to morphological observations,^[@r25]-[@r29]^ equine OA received its first clinical attention at the American Association of Equine Practitioners in 1966, and its relationship with lameness and 'use trauma' became a central aetiologic concept.^[@r12],[@r14]^ By 1975 articular cartilage lesions were considered the indispensable criteria of OA but it was also recognised that they may not be the centrally important cause of clinical disease. Today equine OA may be considered as a group of disorders characterised by a common end stage: progressive deterioration of the articular cartilage accompanied by changes in the bone and soft tissues of the joint.^[@r12]^ This definition is simpler but comparable with one created for human OA at a workshop sponsored by the American Academy of Orthopaedic Surgeons, The National Institute of Arthritis, Musculoskeletal, and Skin Diseases, The National Institute on Aging, The Arthritis Foundation and The Orthopaedic Research and Education Foundation, where OA was redefined as: 'a group of overlapping distinct disease which may have different etiologies, but with similar biologic, morphologic, and clinical outcomes. Disease processes do not only affect the articular cartilage but also involve the entire joint, including the subchondral bone, ligaments, capsule, synovial membrane and peri-articular tissues. Ultimately the articular cartilage degenerates with fibrillation, fissures, ulceration, and full thickness loss of the joint surface.'^[@r30]^ It has now been recognised that the equine OA disease process can start with disease in synovial membrane, fibrous joint capsule, subchondral bone and ligaments as well as articular cartilage or be a combination of the above.^[@r12]^

The metacarpophalangeal (MCP) joint is the most common joint for spontaneous OA in the racehorse, followed by the carpal joints. Both joints have close fitting articular surfaces that can quickly develop linear erosions and wear lines in association with osteochondral fragmentation. In the last ten to 15 years, improvements in arthroscopic techniques and a higher competitive standard in Western Performance equestrian events have resulted in a new spectrum of femorotibial traumatic disease and OA, which has much analogy to human OA of the knee. OA can occur early in equine athletes or later in older horses.^[@r31]-[@r33]^ An arthroscopic grading system has been used for clinical disease in high motion joints^[@r34],[@r35]^ and biomarkers related to macroscopic and histological cartilage lesions have been evaluated.^[@r36],[@r37]^

How can the equine joint tissues be injured or insulted?
========================================================

The risk factors for development of OA in humans has been classified into two fundamental mechanisms related either to the adverse effects of 'abnormal' loading on 'normal' cartilage or of 'normal' loading on 'abnormal' cartilage,^[@r2]^ and similar pathways have been described in horses (Fig. 1).^[@r12]^ The reaction in various joint-associated tissues should not be considered in isolation. For example, in the carpus of a racehorse, considerable damage may be inflicted directly to the articular cartilage and regions of concussion by cyclic fatigue damage (as exemplified by fractures and chondral lesions un-associated with fracture), and there is often primary damage to the subchondral bone other than fracture that often leads to fracture or secondary damage to the articular cartilage from either loss of support or release of cytokines. Subchondral sclerosis has also been proposed as leading to further physical damage in the articular cartilage because of decreased shock absorption, but this has not been proven. Acute synovitis and capsulitis is the most common problem in these same joints and may contribute to the degradative process in articular cartilage by the release of enzymes, inflammatory mediators and cytokines (Fig. 2).^[@r14],[@r38]^

![Diagram showing the possible pathways for degradation of articular cartilage secondary to joint trauma in the horse (reproduced with permission from **McIlwraith CW**. Frank Milne Lecture: from arthroscopy to gene therapy: 30 years of looking in joints. *Am Assoc Equine Pract*2005;51:65--113).](2000132-galleyfig1){#f1}

![Diagram showing the factors involved in enzymatic degradation of articular cartilage matrix, Dotted lines indicate factors that may inhibit degradation (IL1, interleukin-1; TNFα, tumour necrosis factor-α; IGF-1, insulin-like growth factor-1; FGF-2, fibroblast growth factor-2; TGF-β, transforming growth factor-β; BMPs, bone morphogenetic proteins; PG, prostaglandin; PLA~2~, phospholipase A2; uPA, urokinase plasminogen activator; tPA, tissue plasminogen activator; PA, plasminogen activator; PGE~2~, prostaglandin E(2); TIMP, tissue inhibitor of metalloproteinases) (reproduced with permission from **McIlwraith CW.** Frank Milne Lecture: from arthroscopy to gene therapy: 30 years of looking in joints. *Am Assoc Equine Pract* 2005;51:65--113).](2000132-galleyfig2){#f2}

A common feature of joint injury leading to human post-traumatic OA is the sudden application of mechanical force (impact) to the articular surface, and it has been proposed that the extent of mechanical damage to any structures is a function of the intensity of the impact.^[@r1]^ Injury and responses range from damage to cells and matrices without macroscopic structural disruption to displaced fractures through cartilage and bone.^[@r39]-[@r41]^ While it has been pointed out that hypotheses concerning the relationship between joint injuries and the biological events that lead to progressive joint degradation cannot be tested in human patients,^[@r1]^ such events can be looked at more closely with equine OA models.

The significance of synovial membrane inflammation in the pathogenesis of equine OA was demonstrated in an early experimental model by the first author.^[@r42]^ This induced synovitis model using filipin demonstrated that cartilage degradation could occur in the absence of instability or traumatic disruption of the tissues and loss of glycosaminoglycan (GAG) staining was associated with early morphologic breakdown of the surface of the cartilage and loss of GAG staining throughout the ECM. Since then it has been recognised and demonstrated in various experiments that synovitis (and capsulitis) is important as it produces pain and discomfort in the horse as well as increased production of mediators that can contribute to the osteo-arthritic process, including metalloproteinase (MMP), aggrecanases, prostaglandins, free radicals as well as interleukin-1 and tumour necrosis factor-α (TNFα).^[@r42]-[@r50]^ A recent paper on cytokine and catabolic enzyme expression in synovium, synovial fluid and articular cartilage of naturally osteo-arthritic equine carpi showed that TNFα was abundantly expressed in synovial membrane and cartilage, compared with IL-1β being over expressed in OA cartilage but not to a significant extent in synovium.^[@r51]^ Expression of ADAMTS-5 and MMP-13 was also significantly increased in synovial tissue and ADAMTS-4 and MMP-13 also were significantly expressed in OA cartilage.

The role of equine IL-1 in producing OA in the equine carpus was well demonstrated by total inhibition of OA production by gene therapy with IL-1ra.^[@r50],[@r52]^ Interleukin-1β has been called the master cytokine in human OA,^[@r53]^ and while TNFα is thought to be the most prominent cytokine in the acute stages of human OA, IL-1β remains high throughout all stages.^[@r54]^ A recent paper evaluating gene expression in synovial tissue samples obtained from 12 patients with OA and 32 patients undergoing total knee replacement showed that there was no significant difference in the expression levels of MMPs, interleukin-1β of TNFα mRNA.^[@r55]^ The simple overall picture for the master role of Il-1 is illustrated in Figure 3. It has been recently reported that low innate production of interleukin-1β and interleukin-6 is associated with the absence of human OA in old age.^[@r56]^

![Diagram of interleukin-1 (IL-1) activating matrix metalloproteinases (MMPs), aggrecanase and prostaglandin E2 (PGE~2~) release acting through IL-1 receptors on the cell membrane (reproduced with permission from **McIlwraith CW.** Frank Milne Lecture: from arthroscopy to gene therapy: 30 years of looking in joints. *Am Assoc Equine Pract*2005;51:65--113).](2000132-galleyfig3){#f3}

The role of synovitis in the pathophysiology and production of clinical symptoms of human OA was recently reviewed.^[@r57]^ Gradual emergence of recognition of synovitis in human OA has brought the human and equine entities into closer alignment as synovitis is invariably present in all OA entities in the horse.^[@r12],[@r46]^ Proper balance of anabolic and catabolic activities is crucial for the maintenance of cartilage integrity and for the repair of molecular damage sustained during daily use.^[@r58]^ Recognition that the balance of anabolic and catabolic activities is compromised in OA has led to various efforts of therapy to both promote anabolism as well as inhibit catabolism. While the anti-catabolic effects of equine interleukin-1 receptor antagonist (IL-1ra) gene therapy^[@r50],[@r52]^ has clearly demonstrated its ability to prevent or decrease the development of equine OA, another study by the same authors demonstrated that repair of articular defects could be enhanced by the combination of IL-1ra and IGF-1 gene therapy.^[@r59]^

Diagnosis of naturally occurring joint injury and osteoarthritis
================================================================

Clinically the disease is characterised by varying levels of lameness, the presence of synovial effusion, soft-tissue swelling and response to flexion. The main radiological features include osteophytes and increased subchondral bone density (with occasional lysis or cyst-like lesions in the subchondral bone) and end-stage joint space reduction. Cartilage defects can be seen on MRI with various levels of signal change in the subchondral bone. Osteophytes in human OA have more recently been classified as marginal (at the periphery of the osteochondral junction) or central (growing from the subchondral plate into the cartilage). Central osteophytes are typically found in joints with marginal osteophytes and in advanced and symptomatic knee OA,^[@r60],[@r61]^ and are consistently associated with overlying cartilage defects.^[@r61]^ A recent study in our laboratory described histological lesions of severe subchondral bone remodelling invading the cartilage in horses.^[@r24]^ Central osteophytes have not been recognised in clinical cases in the horse until very recently.^[@r62]^ Abnormalities consistent with central osteophyte formation were demonstrated on MRI (SPGR Sequence) in seven of 20 (35%) paired metacarpophalangeal joints. They were identified as focal, hypointense protuberances from the subchondral plate into the cartilage and microscopically consisted of dense bone protruding into the calcified cartilage and disrupting the tide marks and were consistently associated with overlying cartilage defects.^[@r62]^ Arthroscopic evaluation remains the gold standard for defining the degree of osteo-arthritic disease (Fig. 4).

![Arthroscopic images of a) the medial aspect of middle carpal joint, showing erosion of articular cartilage and osteophytosis on radial carpal bone, and minor cartilaginous disease on the opposing surface of the third carpal bone, b) the metacarpophalangeal joint, showing wear line formations signifying early osteoarthritis on the distal metacarpus, c) the metacarpophalangeal joint, showing focal cartilage erosion on the medial condyle of the distal metacarpus, and d) the middle carpal joint, showing severe erosion of articular cartilage on the distal radial carpal bone.](2000132-galleyfig4){#f4}

Evaluation of treatments for OA
===============================

Pain and limited function are the primary reasons for OA patients to seek treatment, but few options exist beyond pain management and prescription of mobility aids.^[@r63]^ The same authors discuss the different stages of OA including clinically silent, active (equals 'inflamed') or clinically manifest, decompensated OA with continuous pain that all require different therapeutic measures. The pharmacological treatment of OA has evolved to becoming more evidence-based but publication bias, pharmaceutically vested interest and complete search databases and deliberate selectivity of data presented may have an impact on meta-analyses.^[@r63]^ For example, trial patients are commonly drawn from hospital practice, from which results may not be able to be directly extrapolated to primary care or pharmacy sales. The European League Against Rheumatism (EULAR) produced recommendations for therapy of hip and knee OA, based on evidence based evaluation of clinical studies and the opinions of experts from 12 European countries.^[@r64],[@r65]^ Also, the American College of Rheumatology (ACR) published recommendations for the therapy of hip and knee OA based on a consensus between four OA experts from the United States.^[@r66]^ Very similar recommendations were created by the ACR and EULAR. Chard, Tallon and Dieppe^[@r67]^ were particularly critical of 94% of 930 scientific publications being judged positively, despite being unsupported by statistically significant study results.

The gold standard for determining the benefit of many therapeutic compounds in human rheumatology is the use of large randomised, blinded and placebo controlled trials. While many such studies have been performed and reliable meta-analyses have been done,^[@r68]^ most data from such studies have relied on symptomatic outcome measures. The difficulties in undertaking human clinical trials in the pursuit of a disease modifying osteo-arthritic drug (DMOAD) have been recently summarised and the need for a new development paradigm for DMOAD emphasised.^[@r69]^ The use of radiology to determine joint space, which is the only accepted structural endpoint in OA trials, is associated with a series of concerns including the inherent inability to visualise cartilage, the insensitivity of radiographs to detect early and small changes and the slow progression of OA being a common finding in clinical trials of OA. In one study only 13% of the untreated OA patients qualified as structural progressors (defined as having joint space narrowing ≥ 0.6 mm over a two year period).^[@r70]^

The ideal therapeutic agent for equine OA would be an agent that both relieves the symptoms of lameness (symptom-modifying OA drug, or SMOAD) as well as producing disease modifying effects (DMOAD). Evaluating treatments in clinical equine cases has the same challenges as human OA and only recently have there been any reasonable quality randomised control trials investigating the efficacy of articular therapeutics.^[@r71]-[@r74]^ Again these studies were associated with identifying SMOAD effects rather than any disease-modifying activity of the drug. The problems associated with performing high-quality randomised, controlled studies and the lack of well-validated outcome measures determining disease-modifying activity *in vivo* make the use of equine experimental studies appropriate. They have provided considerable objective information on therapies (described below) as well as enabled validation of imaging as well as synovial fluid and serum biomarkers to define DMOAD activity.^[@r75]-[@r77]^

A recent paper concluded that there was a major need for more responsive outcome measures for both symptom and structure modifying agents for human OA and a need to focus on developing and qualifying biomarkers to enable the development of DMOADs.^[@r78]^ The author cited a need to develop pre-clinical models that are more predictive of human OA progression, or accept the risks associated with advancing compounds in development that demonstrate moderate results in already established models of OA.^[@r78]^ Animal model systems represent an important adjunct and surrogate to studies of OA in humans. They provide a means to study the pathobiology of OA as well as aid in the development of therapeutic agents and biological markers for diagnosing and prognosing the disease.^[@r79]^ In addition, OA can be a major clinical challenge in animals, particularly the athletic horse. A number of experimental models of OA have been developed and used in the horse (Table I),^[@r42],[@r47],[@r50],[@r76],[@r77],[@r80]-[@r103]^ but many have deficiencies with inconsistency in the level of disease between animals, as well as appropriateness to naturally occurring OA in the horse.^[@r13]^ In addition, models based on instability commonly do not represent the clinical situation in man. The most commonly published model is the arthroscopically created osteochondral fragment-exercise model developed at Colorado State University (CSU), which is not an instability model.^[@r47],[@r50],[@r76],[@r77],[@r93]-[@r97],[@r103]^

###### 

Experimental models of OA that have been described in the horse (reprinted with permission from**McIlwraith et al.**The OARSI histopathology initiative: recommendations for histological assessments of osteoarthritis in the horse. *Osteoarthritis Cartilage* 2010;18:S93--S105)

  **Type of model**                          **Specific name**
  ------------------------------------------ ---------------------------------------------------------------------------------------------------
                                             
  Intra-articular injection of chemicals     Filipin^[@r42],[@r80]^
                                             Sodium monoiodoacetate^[@r81]-[@r83]^
                                             Amphotericin^[@r84]^
                                             *Escherichia coli* lipopolysaccharide^[@r85]-[@r87]^
                                             Interleukin-1^[@r88]^
                                             Polyvinylalcohol foam particles^[@r89]^
                                             Carrageenan^[@r90]^
                                             
  Instability                                Carpal fracture^[@r91]^
                                             Cutting collateral & collateral sesamoidean ligaments in metacarpophalangeal joint^[@r92]^
                                             
  Osteochondral fragmentation and exercise   Carpal osteochondral fragment -- exercise model^[@r47],[@r50],[@r76],[@r77],[@r79],[@r93]-[@r97]^
                                             
  Trauma                                     Single impact on medial femoral condyle^[@r98]^ -- progresses to focal defects and OA
                                             
  Disuse                                     Lower limb cast immobilisation^[@r100]-[@r102]^

The equine carpal osteochondral fragment model of OA
====================================================

This model mimics clinical equine OA relevant to horses and has relevance to human OA,^[@r50],[@r96]^ and involves creating an 8 mm fragment on the distal dorsal aspect of the radial carpal bone.^[@r13]^ The model induces progressive OA without producing severe lameness.^[@r47],[@r50],[@r76],[@r77],[@r93]-[@r97],[@r103]^ The macroscopic and histological evaluations have been presented recently.^[@r13]^ Both longitudinal synovial fluid and imaging biomarker changes have been detailed.^[@r76],[@r77]^ Recently an equine model of post-traumatic OA in the medial femorotibial joint has been described.^[@r98]^ The articular cartilage in this joint is similar to the human knee,^[@r99]^ but the model has not yet been sufficiently investigated to evaluate its overall value as translational research regarding medications, where the carpal osteochondral model has.

Power calculations for clinical gross and histological outcome parameters have led to a total of 16 skeletally mature horses (aged between two and five years) being used in a typical study.^[@r50]^ Horses are in good health without palpable effusion or radiological abnormalities and free of lameness before and after joint manipulation. The horses are divided into two equal groups, treated or control. An 8 mm osteochondral fragment is created on the distal-dorsal aspect of the radial carpal bone (equivalent to human scaphoid)^[@r105]^ in one randomly chosen mid-carpal joint of each horse to produce an experimental OA, and the opposite joints serve as the control (Fig. 5). Exposed subchondral bone between fragment and parent bone are debrided using a motorised arthroburr to form a 15 mm wide defect bed (Fig. 5). The size, location of the fragment, loss of bone and the subsequent synovitis mimic naturally occurring equine OA as clinical cases of osteochondral fragmentation in this location, if left untreated, typically progress quickly in developing OA symptoms and lesions. Diagnostic arthroscopy is also performed on the contralateral mid-carpal joint to confirm the absence of any significant lesions.^[@r34]^ After surgery all horses are housed in 3.65 m × 3.65 m stalls and exercise on a high-speed treadmill begins on day 14 after fragment creation, and continues five days per week until day 70, simulating athletic conditions commonly seen in horses developing osteochondral fragmentation and subsequent OA. Institution of treatment depends on what is being studied but if it is an intra-articular medication the first (or sometimes only) injection is given at day 14. This model has been used to evaluate different treatment modalities for equine OA in blinded, controlled studies and described below.^[@r47],[@r50],[@r93]-[@r97],[@r103]^

![Image showing the dorsal view of the equine middle carpal joint depicting areas of specific tissue sampling and the osteochondral fragment: a) an area from which articular cartilage was harvested for estimation of proteoglycan synthesis, b) areas from which articular cartilage was harvested for analysis of glycosaminoglycan content, and f) areas from which articular cartilage was harvested for histopathology. The filled in area in the radial carpal bone (C~R~, circled) represents the osteochondral fragment and the solid lines running through this region represent the section of bone harvested for routine histopathology. The arthroscopic image shows the radial carpal bone after fragment creation and bone debridement (C~I~, intermediate carpal bone; C~U~, ulnar carpal bone; C~2~, second carpal bone; C~3~, third carpal bone; C~4~, fourth carpal bone) (reproduced with permission from **Frisbie DD et al.** Treatment of experimental equine osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist gene. *Gene Therapy* 2002;9:12--20).](2000132-galleyfig5){#f5}

Clinical outcomes
-----------------

Clinical examination of both forelimbs is performed bi-weekly from pre-surgery throughout the study period, including lameness graded on a scale of 0 to 5 (0 being no lameness and 5 being non-weight bearing lameness)^[@r104]^ and mid-carpal joint effusion graded on a scale of 0 to 4 (0 being no effusion and 4 being the most severe level).^[@r50]^ Figure 6 demonstrates the difference between lameness scores and synovial effusion scores between joints treated with IL-1ra gene therapy and placebo.

![Bar charts showing the effect of gene transfer 70 days after surgery on lameness score (left) and the synovial effusion score (right). Different letters indicate a statistical difference (p \< 0.05) between bars. Alternatively when bars have the same letter, as for example in the untreated and treated normal joints, there is no significant difference between these. Lines with an asterisk (\*) linking treatment groups also indicate a statistical difference between treatment groups. Comparisons marked with (\*) showing significant differences equate with letters on the bars being different (reproduced with permission from**Frisbie DD et al.** Treatment of experimental equine osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist gene. *Gene Therapy* 2002;9:12--20).](2000132-galleyfig6){#f6}

Imaging
-------

Radiographs are taken before commencement of the study and at the end of the study. Joints typically show radiological lysis and bony proliferation in the joint capsule attachment within the fibrous joint capsule attachment (enthesophyte). Osteophytosis is also observed. Other imaging modalities have been validated.^[@r77]^ In a comparison of OA-affected carpal joint and normal carpal joints subjected to the exercise protocol a significant increase in nuclear scintigraphic uptake in the OA-affected joints, an increase in the volume of sclerotic bone in the trabecular area of the radial carpal bone with CT and an increase in synovial fluid volume, synovial membrane proliferation, higher joint capsule thickening, joint capsule oedema, radial carpal bone oedema and radial carpal sclerosis on MRI was seen.^[@r77]^

Synovial fluid analysis
-----------------------

Synovial fluid is collected at the time of surgery and at nine additional evenly spaced time periods between surgery and the termination of the study at 70 days. Levels of synovial fluid protein and PGE2 are significantly elevated in OA-affected joints. In a detailed study of biomarkers the levels of CS846, CPII, GAG, ColCEQ, C1,2C, osteocalcin, Col-1 and PGE2 in the OA-affected joints were significantly elevated within 14, seven, 42, 56, 91 and 35 days respectively.^[@r76]^ Serum levels of CS846, CPII, GAG, osteocalcin, C1,2C and Col-1 had a statistically significant increase compared with exercise-alone horses.^[@r76]^

Macroscopic examination
-----------------------

All joints in which OA is induced exhibit some level of pathological change in the form of partial or full-thickness articular cartilage erosions; mostly in a site remote to the osteochondral fragment used to induce the OA. Furthermore, the most pronounced full-thickness erosions are observed independent of 'kissing' lesions adjacent to the osteochondral fragment, suggesting that these lesions are a result of OA secondary to the surgery and synovitis. Figure 7 represents a comparison of the macroscopic changes between untreated and AD-Eq IL-1ra treated joints.^[@r50]^ Synovial membrane haemorrhage is also present in affected joints. The macroscopic staging system to describe gross changes in the induced osteochondral chip fragment-exercise OA model has recently been detailed.^[@r13]^

![Diagrams showing the effect of osteoarthritis (OA) and gene transfer on cartilage erosion. Figures 7a and 7b -- photographs showing the middle carpal joint highlighting third carpal bone lesions in OA joints of untreated horses (a) and those treated with adenovirus-equine interleukin-1 receptor antagonist (Ad-EqIL-1Ra) (b). Note more extensive full-thickness articular cartilage erosions in the untreated joint (a), especially in areas of the third carpal bone (2) not adjacent to the osteochondral fragment (1). Photos were taken after aseptic harvest of cartilage from the intermediate carpal bone (3). Figure 7c -- bar chart showing cartilage erosion scores by treatment group. Different letters associated with bars indicate a statistical difference (p \< 0.05) between bars. Lines with an asterisk (\*) linking treatment groups also indicate a statistical difference between treatment groups. For instance, there is no difference between untreated and treated normal joints, but a significant difference between untreated and treated OA joints (reproduced with permission from**Frisbie DD et al.** Treatment of experimental equine osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist gene. *Gene Therapy* 2002;9:12--20).](2000132-galleyfig7){#f7}

Histologic evaluation of synovial membrane
------------------------------------------

In this model, OA is accompanied by a mild synovitis. There is an increase in cellular infiltration primarily characterised by perivascular lymphocytic infiltration as well as intimal hyperplasia and subintimal oedema.^[@r50]^ The microscopic grading system for synovial membrane histology in the carpal osteochondral fragment model has recently been detailed as part of the OARSI histopathology initiative.^[@r13]^

Histological and histochemical evaluation of articular cartilage
----------------------------------------------------------------

Five micron articular cartilage sections are evaluated from three different locations within each joint for fibrillation, chondrocyte necrosis, chondrocyte cluster formation (previously called chondrone formation) and focal cell loss. Similar results are seen with each location so the results are totalled for all sections. Typically there is an increase in fibrillation and chondrocyte cluster formation. The articular sections stained with Safranin-O and fast green (SOFG) are also evaluated in three different locations within the joints and the OA reduces the SOFG score (Fig. 8). A microscopic grading system for articular cartilage histology has recently been detailed.^[@r13]^

![Diagrams showing the effect of osteoarthritis (OA) and gene transfer on cartilage histology. Figures 8a and 8b -- photomicrographs from 5 µm sections of OA articular cartilage stained with Safranin-O and fast green (SOFG) in a) an OA joint of an untreated horse, showing little or no stain uptake in all areas, and b) an OA joint of a horse treated with Ad-EqIL-1ra, showing moderate stain uptake patterns in all areas. Figure 8c -- bar chart showing the effect of OA and gene transfer on cartilage staining scores. Different letters associated with bars indicate a statistical difference (p \< 0.05) between bars. Lines with an asterisk (\*) linking treatment groups also indicate a statistical difference between treatment groups. For instance, there is no difference between untreated and treated normal joints, but a significant difference between untreated and treated OA joints (reproduced with permission from**Frisbie DD et al.** Treatment of experimental equine osteoarthritis by in vivo delivery of the equine interleukin-1 receptor antagonist gene. *Gene Therapy* 2002;9:12--20).](2000132-galleyfig8){#f8}

Cartilage matrix content and cartilage matrix synthesis
-------------------------------------------------------

Articular cartilage is harvested from one location to evaluate proteoglycan synthesis at day 70 after surgery using 35SO~4~ incorporation and total GAG content is measured with the dimethyl methylene blue dye binding assay.

Evaluation of OA treatments with osteochondral fragment-exercise model
======================================================================

The following are summaries of evaluation of various pharmacological and biological treatments performed with this model.

Intra-articular corticosteroids
-------------------------------

The use of intra-articular corticosteroids for equine joint disease treatment has long been controversial, but controlled studies with this model have allowed clarification of beneficial *versus* harmful effects.^[@r106]^ Three corticosteroids commonly used in equine sports medicine have been evaluated. The first product studied was betamethasone esters (Celestone Soluspan; Schering-Plough (now Merck), Whitehouse Station, New Jersey). Treated joints received 2.5 ml of Celestone Soluspan at 14 days after surgery and this was repeated at 35 days, with control joints being injected with saline. No deleterious, adverse effects in the articular cartilage were demonstrated. Two other studies evaluated methylprednisolone acetate (MPA) (Depo Medrol; Pfizer Animal Health, New York, New York) (100 mg at 14 and 28 days) and triamcinolone acetonide (TA) (Vetalog (Fort Dodge Animal Health, Fort Dodge, Iowa) or Kenalog (Bristol-Myers Squibb, Princeton, New Jersey) (12 mg at 14 and 28 days). In OA joints treated with MPA there were positive SMOAD effects, but the modified Mankin scores^[@r13]^ (the score for histopathologicical change in the articular cartilage) were notably increased suggesting deleterious effects of intra-articular administration of MA and negative DMOAD effects. This was in contrast to the results with TA, where horses that were injected IA with TA in OA joints had both significant SMOAD as well as DMOAD effects. The results overall supported favourable effects of TA on degree of clinically detectable lameness, synovial fluid, synovial membrane and articular cartilage morphological parameters both with direct IA administration.

Hyaluronan (HA)
---------------

In a recent controlled study with intra-articular HA, the treated joint received 20 mg of HA (Hyvisc; Boehringer Ingelhelm, Ridgefield, Connecticut) at 14, 21 and 28 days. There was a trend for (p \< 0.1) for decreased vascularity and subintimal fibrosis but significantly less articular cartilage fibrillation with HA at day 70 (p \< 0.05) confirming the drug's efficacy as a disease-modifying osteo-arthritic drug (DMOAD).^[@r107]^ Intra-articular HA and triamcinolone acetonide are commonly injected together for traumatic arthritis and OA in horses, and it could be rationalised that the triamcinolone acetonide provides an immediate and potent anti-inflammatory effect with long-term DMOAD benefits from the HA.

Intra-articular polysulfated glycosaminoglycan (PSGAG)
------------------------------------------------------

This was used for human OA in previous times in Germany but this practice has been discontinued. Treatment with PSGAG (Adequan, 250 mg; Luitpold Animal Health, Shirley, New York) at 14, 21, and 28 days showed significantly decreased synovial effusion with PSGAG compared with placebo (saline) as well as significantly reduced synovial membrane vascularity and subintimal fibrosis. There was a trend for less cartilage fibrillation with PSGAG, so it was concluded that the product had symptom-modifying osteo-arthritic drug (SMOAD) properties as well as DMOAD properties.^[@r107]^ This drug is a common treatment in clinical equine OA.

Gene therapy with intra-articular equine IL-1 receptor antagonist gene
----------------------------------------------------------------------

Examples from this study have been given previously. The summary of this project is that IL-1ra gene transferred with an adenoviral vector had the most potent SMOAD and DMOAD effects of any product tested in our osteochondral fragment model of OA with a single injection resulting in significant improvement in clinical parameters of pain and disease activity (Fig. 6), preservation of articular cartilage (Fig. 7) and beneficial effects on the histologic parameters of synovial membrane and articular cartilage (Fig. 8).^[@r50]^ Because of the adenoviral vector used re-dosing was not possible but work has continued in developing a more effective aav vector^[@r108]^ that is currently in dose titration studies with plans to test in our equine OA model.

Autologous conditioned serum
----------------------------

The use of autologous conditioned serum (ACS) (Orthokine; Orthogen Veterinary GmbH, Dussoldorf, Germany) on humans has been previously reported.^[@r109]^ It was considered to have its main effect through upregulation of the expression of several beneficial cytokines including IL-1ra. ACS (6 ml) was injected into equine OA-affected joints on days 14, 21, 28 and 35 respectively, with 6 ml saline administered to the control joints.^[@r96]^ Horses that were treated with ACS had significant clinical improvement in lameness and significantly decreased synovial membrane hyperplasia compared with placebo treated joints, and there also was a trend for less gross cartilage fibrillation. Recently, clinical benefits for persistent knee effusion in people have been demonstrated with the use of the IL-1ra anakinra (Kineret; Amgen, Thousand Oaks, California). Patients refractory to other modalities showed 66% (four of six) improvement in knee arc of motion, 83% (five of six) improvement in pain and 83% (five of six) had improvement in swelling. All of the patients were able to return to sport.^[@r110]^

Evaluation of bone marrow-derived mesenchymal stem cells and adipose-derived stromal vascular fraction
------------------------------------------------------------------------------------------------------

Single intra-articular injections of adipose-derived stromal vascular fraction (SVF) or bone marrow-derived mesenchymal stem cells(BMSCs) (separate groups) were tested in the equine OA model. The only significant change was a greater improvement in synovial fluid PGE2 levels with BMSCs compared with placebo and SVF. Overall the findings of this study were not significant enough to recommend the use of stem cells for the treatment of OA as represented in this model.^[@r111]^

Intramuscular pentosan polysulfate
----------------------------------

In a study testing intramuscular pentosan polysulfate (NaPPS 3 mg/kg IM) on study days 15, 22, 29 and 36, articular cartilage fibrillation was substantially reduced by NaPPS treatment. Concentrations of chondroitin sulphate 846 epitope (a synthetic biomarker) were significantly increased in the synovial fluid of osteo-arthritic and non-osteo-arthritic joints of treated horses.^[@r112]^ The conclusion was that NaPPS had some beneficial DMOAD effects and is enjoying increased use for clinical OA in horses.

Other studies
-------------

The model has also been used to show beneficial effects of topically administered diclofenac liposomal cream,^[@r113]^ intravenous hyaluronan,^[@r47]^ oral avocado and soy bean unsaponifiable extract,^[@r97]^ extracorporeal shockwave treatment,^[@r114]^ as well as improvement in serum and synovial fluid biomarkers of cartilage and bone with extracorporeal shockwave therapy.^[@r115]^

Articular cartilage defects as part of the OA syndrome: equine studies
======================================================================

While details of repair of articular cartilage defects are beyond the scope of this paper they should be acknowledged as being part of the OA syndrome. It has been shown that even asymptomatic cartilage lesions double the rate of cartilage loss in comparison with intact knees and approximately 80% of lesions progress in size.^[@r116],[@r117]^ Equine chondral defect models have been recently recognised to have specific advantages for translation to human articular cartilage regeneration and have recently been reviewed.^[@r118]^ An equine medial femoral condyle defect model has been used to study subchondral microfracture,^[@r119]-[@r121]^ augmentive gene therapy^[@r59]^ and intra-articular BMSC treatment.^[@r122]^ Femoral trochlear defects have been used to evaluate autologous chondrocyte implantation (ACI)^[@r123]^ and the autologous cartilage fragment-loaded scaffold (CAIS) technique.^[@r124]^
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